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Abstract

The computer program OTRIM is described and results are
presented for some simple cases. The program calculates corr-
ections to be applied to the transverse positions of the Main
Ring quadrupoles. The input data consists of a set of meas-
urements of the transverse position of the closed orbit relative
to the guadrupoles -- the beam sensor readings. The basic
program assumes one beam sensor for each transverse direction
at each Main Ring station i.e. ~ one beam sensor for each
transverse direction per quadrupole. An arbitrary beam sensor
configuration may be introduced simply by specifying, in the
input data, the numbers of the beam sensors of the basic con-
figuration which are inoperative. The results of some simple
misalignment cases indicate that, in principle, OTRIM can re-
duce the closed orbit deviation by factors ~ lO8 when all beam
sensors are operative. With 10% of the beam sensors inoperative,
the maximum reduction factor ranges from v 20-40 (inoperative
beam sensors arbitrarily distributed) to <2 (inoperative beam
sensors are consecutive). The case in which there are beam
sensors at only the F gquadrupoles in a given plane was also
considered in order to obtain an indication of the loss of

correction power in the event that it was desired to halve
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the system cost. The results for this case indicate a
maximum correction factor ~ 20-40. While this factor is
probably adequate, it must be noted that, in actual practice,
it will be further reduced by inoperative beam sensors, by
errors in the beam sensor readings and the position corrections
applied to the quadrupoles, and perhaps by non-linear effects.
Thus it is rather doubtful if the halved system would be
adequate in actual practice.

Introduction

The position of the closed orbit with respect to the
beam elements of a synchrotron is determined by the magnetic
fields and thé positions of the beam elements. In this report
we will show how errors in the positioning of the beam elements
may be reduced by knowledge of the closed orbit position at
a number of points around the accelerator -- the beam sensor
readings. Since there are more beam elements than beam sensors
in the present case, we cannot hope to uniquely remove a given
position error.

The Main Ring of the NAL 200 GeV accelerator has six
superperiods and uses a separated function lattice. The most
critical alignment requirements are for the transverse (hori-
zontal, i.e. radial; vertical) location of the guadrupoles.
Thus the errors in the transverse location of the guadrupoles
are the only beam element position errors that we consider.
Laslett has calculatedl that the quadrupoles must be located

with an accuracy of .01 in. in. these directions for a 75%
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probability that the corresponding closed orbit deviation is
contained within a width of 1 in.

The positioning of the guadrupoles may be considered to
be achieved in three steps -

(a) Construction survey in which the gquadrupoles are
located using the station markers2 which were placed to an
accuracy v 1/16 in. during construction.

(b) Refined survey using precise levels, tapes and an
alignment laser. The wire alignment system described in the
NAL Design Report has recently been discarded. The refined
survey will probably be done one lattice cell at a time. Its
accuracy should be such as to achieve a circulating beam.

(c) Final positioning of the gquadrupoles using the beam
sensor readings as described in this report. This same cor-
rection scheme may be used to relocate the quadrupoles if
the closed orbit happened to move during the life of the
accelerator.

Theory

In Figure 1 is shown the arrangement for the first of the
six superperiods of the Main Ring. There are 14 standard
cells (C) a half cell (DF), a medium straight cell (CM) and
a one half cell replacement containing the long straight
section (FLD). The parameters for all of these cells are
taken from the report by Garren3. Small changes to the FLD
section were made by Bellendir and Teng4 during the progress

of this work. They have not been included.
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The following notation is used in reference to the com-
plete Main Ring - B(I), I = 1,210 - the beam sensors which
measure the closed orbit displacement relative to the appro-
priate beam element. This information is then used to correct
the quadrupole positions. It is assumed that a beam sensor
is located at each station marker, including the one at the
center of the long straight section.

Y(I), I = 1,210 - the spy station beam sensors. This infor-
mation is not used to correct the quadrupole positions. 1Its
sole use is to enable us to investigate the remaining closed
orbit deviations at points intermediate to the B(I) after

the quadrupole positions have been corrected. 1In the present
case the spy stations are somewhat academic as we would not
expect their readings to differ significantly from those of

the beam sensors B(I) because of the small separation between
B(I) and Y(I).

H(I), I = 1,222 - the transverse displacement of the Ith beam
element. From Figure 1 we note that the I = 2,3,36,37, etc.,
elements are quadrupole doublets whereas the remaining elements
are singlets. The main reason for this choice of beam elements
is to obtain a program which does not exceed the available
space in present large computers (CDC 6600, IBM 360/75).
Because of the small separation between members of the above
doublets, the assumption of no relative displacement of the
members is probably quite accurate. Notice also from Figure 1

that there is no quadrupole associated with H(1l), H(38) etc.



TM-200
0402
In this report we use the correction scheme which has
been described by Laslett and Lambertsons. We define the
matrix S with the equation
B=SH (1)

where B and H are given by

( N
B = gg%; i.e. column matrix of beam sensor
readings, NB = 210 here
B (NB)
~ ~
’ ~
H = EE%; i.e. column matrix of displacement
of accelerator components.
: NH = 222 here
H(N%L

~

We assume that the horizontal plane motion is not coupled to
that of the vertical plane. Thus the two directions are
computed independently and each has its own S matrix. The
S matrices are computed by the program SYNCH6 and the details
of this computation are given in Appendix 1. For the combined
function machine that they considefed, Laslett and Lambertson
found it convenient to displace the beam elements in gangs
rather than individually. Thus if G is the ganging matrix
for the gang scheme chosen, we have

B =TH (2)
where T = SG. Although we only consider individual displace-

ments (G = 1), our calculations are set up so that any desired

G matrix may be introduced.
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In practice we will be faced with the situation where
the B matrix is given by a set of beam sensor readings and we
wish to find the set of displacement corrections Hc which are
to be applied in order to give a zero B matrix. Ideally we
would invert (2) and obtain

H =-H=-T "~ B (3)
In general T is not square and so the above step is not
possible. Furthermore, it is not possible even when T is
a square matrix because B contains only relative beam dis-
placements and thus a unique Hc does not exist, i.e. T has
a zero value determinant. Thus it is necessary to use a
different approach from that of Egn. (3). From Egn. (2) we
have

BT=HTT (4)
where B is the transpose of B, etc. Laslett and Lambertson
show that Egqn. (4) also results if one fits the beam sensor
readings by least squares. We define the matrix M by

M=TT (5)
Thus M is a symmetric matrix with either zero or positive
eigenvalues. If the Kth eigenvalue and normalized eigenvector
are respectively AK and VK we have

mvE = AF oK (6)

We then expand H in terms of the v

L
H=ZIAV (7)
By multiplying Egn. (4) by VK from the right and using Egns.

(5), (6), (7) we obtain
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= K
AK=BTV (8)
K
A
Next we define the Q matrix from
Hc = -H =B Q (9)
Thus from Egns. (7), (8), (9) we have
v b 7
Q = -2 (10)
L AL

Laslett and Lambertson also note that the sum of squares of

the beam sensor readings 1is given by

5 B2 (I) = B3 = £ AU Ai

I L

(11)

i.e. the component of this sum due to the Lth eigenvector is
proportional to A, Thus Egn. (11) shows that the small
eigenvalues and their eigenvectors can be dropped from the

sum over L in Egqn. (10) (of course, the A=0 ones must be
dropped) and the result will not be greatly affected. This

is the key point of the Laslett and Lambertson method. They
found that dropping the small eigenvalue eigenvectors from the
Q sum reduced the closed orbit deviation at points intermediate
to the beam sensors in some cases. This effect should not be
large in our case as we have v 1 beam sensor per quadrupole.
They also found that the total amount of corrective displace-
ment was significantly reduced as small eigenvalue eigenvectors
were omitted. In practice we calculate several Q matrices and
investigate the behavior of H, as the number of omitted

eigenvectors is varied.
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Computer Program OTRIM

The computer program OTRIM performs the computation of
the displacement corrections Hc to be applied to the quad-
rupoles from a given set of beam sensor readings B. The
program uses two magnetic tapes. Tape 3 is the input tape
(read only) containing the SYNCH output and obtained as set
out in Appendix 1. Tape 4 is a scratch tape (both read and
write).

The input data sets required are as shown at the top of
Figure 2 and will be described here in detail --

First Set (1 card only) Format (16I5). This is the program
instruction card and contains, in order, the input values for

the following variables:

ITEST 0 - beam sensor readings to be input with punched
cards
= 1 - run test case for which only non-zero dis-
placement is H(2) = +1.0 and beam sensor
readings are obtained by OTRIM from SYNCH
output (Tape 3).
ISPY = 0 - skip spy stations
= 1 - calculate closed orbit displacement at spy
stations after corrections Hc have been
applied to beam elements. It is run only

for test case, ITEST = 1.

NHOR

il
o
i

skip horizontal plane

= 1 - run horizontal plane
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NVERT = 0 - skip vertical plane
= 1 - run vertical plane
KAPUTH - the number of inoperative beam sensors for
the horizontal plane.
KAPUTV - the number of inoperative beam sensors

for the vertical plane.
NVCHEK = 0 - skip orthogonality test on eigenvectors of TT,
= 1 - perform orthogonality test.
NHARM = 0 - skip the harmonic analysis of GV.
= 1 - perform the harmonic analysis of GV.

NNNQ - the number of Q matrices which are to be
calculated. This number must be sufficiently
small to allow them to be written on the
scratch tape (Tape 4). Using NNNQ = 6 re-
quires that Tape 4 be 2400 feet with density
800 b.p.i. This resulted in frequent parity
errors so we have usually taken NNNQ = 5
and 556 b.p.i.

Second Set Format (16I5) XKAP(J), J=1, KAPUTH. The identi-

fication numbers of the beam sensors which are inoperative

(L.e. no available reading) in the horizontal plane.

Third Set Format (16I5) NQ(J), J=1, NNNQ. The numbers of
small non-zero eigenvalue eigenvectors that are to be dropped

from the horizontal plane Q matrices. These numbers must be

arranged in descending order. For NB<NH (our case) the
smallest NQ(J) may be NQ(NNNQ)=0. However, if NB=NH, the

smallest allowable NQ(J) is NQ(NNNQ)=1 (see later).
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Fourth Set Format (8F10.4) BS(J), J=1, NB. The beam

sensor readings for the horizontal plane. The number fields

of inoperative beam sensors remain blank. For test case runs
(ITEST=1) no BS(J) data set is required as OTRIM obtains the
appropriate data from the SYNCH output.

Fifth Set Format (16I5) KAP(J), J=1, KAPUTV

Sixth Set Format (16I5) NQ(J), J=1, NNNQ vertical plane

data
Seventh Set Format (8F10.4) BS(J), J=1, NB

When both horizontal and vertical planes are to be
computed, the order of the input data must be as above. If
only one plane is to be computed, the input data consists of
the instruction card and the three sets corresponding to that
- plane.

A listing of OTRIM is contained in Appendix 2 of this
report. The operation of the program is outlined by the
flow diagram in Figure 2. The program begins by reading into
the columns of a matrix SY either the horizontal plane or the
vertical plane SYNCH output, according to the instruction
card. The SYNCH output gives the absolute displacements of
the closed orbit for the sequential displacement of the first
superperiod quadrupoles by 1 unit. The SYNCH displacement
sequence is shown in Figure 1. We require the displacement
of the closed orbit relative to the beam elements - i.e. the
beam sensor readings. Also we must include matrix elements
corresponding to the beam sensors at the center of the long

straight sections. Thus OTRIM sets up the required S matrix
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as follows -
S(1,1) = -1. N
j (12)
S(I,1) = 0. I =2, NB _
S(I,J) = SY(I,J-1) I =1, NB but I # 2. J = 2,3
_ (13)
S(1,J) = SY(1,J-1) - 0.5 I = 2. J = 2,3
S(I,J) = SY(I,J-1) I =1, NBbut I ¥ J-1. J = 4,35
‘ (14)
S(1,J) = SsY(I1,J-1) - 1.0 I = J-1 J = 4,35
S(I,J) = SY(I,J-1) I =1, NBbut I # 35. J = 36,37)
(15)
s(1x,J) = sy(r,J-1) - 0.5 I = 35. J = 36,32§

Egn. (12) gives the elements corresponding to the beam sensor
at the center of the long straight section. In Egn. (13) it
has been assumed that the displacement of beam seﬁsor B(2) is
given by 1/2 (H(2) + H(3)). A similar assumption is made for
B(35) in Egn. (15). The remaining beam sensors are assumed
to be fixed to the adjacent gquadrupoles - Egn. (14). Egns.
(12), (13), (14), (15) set up 1/6 of the S matrix. The re-
maining 5/6 of this matrix is obtained by cyclic symmetry
S(I+Y x NB, J+5 x NH) = S(I,J) (16)
with N an integer. The indices I and J are modulo NB and NH
respectively.

OTRIM next proceeds to calculate the matrix T=SG. We
have simply used G=1 in this work, but any desired ganging
matrix may be introduced at this point. Since we measure
only relative displacement of the closed orbit, the displace-

ment of all beam elements uniformly by 1 unit (horizontally

or vertically) should produce no change in the closed orbit.
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Thus the program checks for zero sum of the elements of each
row of the T matrix. In fact the sums for the vertical di-

rection may be & 1 x 1072

due to slight vertical focussing
at the entrance and exit planes of the bending magnets.

The inoperative beam sensors KAP(J) are allowed as the
next step in the computation. The corresponding rows are
dropped from the T matrix and the resulting reduced matrix
is the R matrix. The matrix M = RR is then computed. KAP(I),
T and M are all stored on the scratch tape for subsequent use.

The non-zero eigenvalues and their associated eigen-
vectors are computed and arranged in descending order by the
subroutine EIGEN7 for the matrix M. If NR is the number of
rows in R and NR < NH (the present case) then the number of
non-zero eigenvalues is NR. Thus the arguments of EIGEN are
set up so as to compute for the NR largest eigenvalues. If
we had a case where NR = NH, then the last of the NR eigen-
values computed would be zero (see below Egn. 3). Thus for
the NR = NH case the minimum value for NQ (NNNQ) is 1.

If NVCHEK = 1, then subroutine VCHEK checks that the
eigenvectors of M are orthonormal using the equations

7t mvd =Y I=J

(17)
=0 I#J

10 8 ,J

The subroutine assigns a limit of (10 + 2 x 10 - AY)
to the difference between left and right sides of Eqn. (17).
Typically ~ 10% of the smaller eigenvectors fall outside this

limit by ~ lO_9 and this is considered quite satisfactory.
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If NHARM = 1, subroutine HAR will perform the harmonic
analysis of GVL. For each non-zero eigenvector, OTRIM lists
the four largest amplitudes and their frequencies. In the
present case the harmonic analysis is unreliable and should
be omitted because it assumes equal argument increments
whereas in fact the H(I) are spaced as shown in Figure 1.
The harmonic behavior of the Main Ring is best understood
by studying its harmonic response as shown in Appendix 3.

OTRIM is now ready to compute the NNNQ Q matrices which
involve the omission or various numbers NQ of small eigen-
value eigenvectors. For reasons of computer economy the
program calculates one column of all NNNQ Q matrices and
stores these NNNQ columns as a record on Tape 4. It then
proceeds to the next column of all Q matrices, and so on, until
all NNNQ Q matrices are complete.

Each Q matrix is then read back from Tape 4 and the
program computes the recommended displacement corrections
HQ (equivalent to HC) from Egqn. (9) and the total correction
motion HQTOT.

HQTOT = I |HQ] (18)
For the test case the residual beam sensor readings BE are
computed

BE = T (H+HQ) , (19)
Also for the test case the subroutine NUMBER computes the
maximum beam sensor reading, the r.m.s. beam sensor reading

and the r.m.s. value of the local maxima of beam sensor
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reading,. These parameters are computed both before and
after application of HQ so that the improvement may be noted.
If ISPY = 1 and the test case is being run, OTRIM will
proceed to compute, for each Q matrix, the residual dis-
placement of the closed orbit relative to the beam elements
at the spy stations, i.e. the residual beam sensor readings
at the spy stations, BSP. Referring to Egqn. (1), we now have
B replaced by Y and it is neceasary to set up the correspond-
ing spy S matrix. It is assumed that the spy station sensors
are fixed to the adjacent quadrupoles. Thus the procedure is
similar to that in Egns. (12)-(15) except that in the present
case there is no beam sensor whose motion is determined by
the motion of two quadrupoles as in Egns. (13) and (15).
Also the spy S matrix is set up directly in the SY array into
which the spy SYNCH data has been read (beginning in column 2)

as the S array of OTRIM contains data which is required later.

Thus the equations are

Il
'._I
=z
td
o

sY (1,J) = 0. I =1

SY (1,J)-1. I 2 (20)

1l
'—.l
o
Il

SY(I,J)

SY(I,J)
All other elements in the first 1/6 of SY will be correct
as read in. The remaining 5/6 of the matrix is obtained by
cyclic symmetry and then the BSP values are computed.
OTRIM has now completed the computation for the plane in
which it started. If this plane was the horizontal plane and
NVERT = 1, then it returns to compute for the vertical_plane.

Otherwise, the computation is complete and the program ends.
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Results
(a) No inoperative beam sensors, NKAPUT = 0

In Figure 3 we have plotted the displacement in both
planes of the accelerator components before and after corr-
ection for the test case H(2) = +1.0. Only the components
near H(2) are shown for two Q matrices (NQ=0 and NQ=108)
which correspond to the omission of 0 and 108 non-zero small
eigenvalue eigenvectors. As NQ is reduced, the maximum
residual error is reduced and the accelerator components are
placed on a smooth bump relative to the undisplaced positions.
At most, the bump extends over "V one superperiod near the
displaced element. The remainder of the accelerator is
unchanged.

Figure 4 shows the variation in both planes of maximum
,beam sensor reading| after correction, as NQ is changed.
The initial displacements are also shown. The general trend
is for a reduced residmnal beam sensor reading as NQ is reduced.
For NQ = 0, the residual beam sensor readings are only " 10_8.
Even when NQ = 108 (i.e. slightly more than half the eigen-
vectors are omitted) it Is still possible to reduce the closed
orbit deviation by a factor ~ 10. The variation of HQTOT with
NQ is shown in Figure 5. It is seen that HQTOT may increase
by a factor ~ 2-3 as NQ is reduced over the range shown.

As will be discussed later (Appendix 3) it is important
that OTRIM is able to correct 20th harmonic (integer closest

to v) disturbances. Figures 6, 7, and 8 show the results when
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the 20th harmonic disturbance extended ~ 1 wavelength. As
NQ is reduced the beam elements are moved from their disturbed
positions on to a small smooth bulge. Residual beam sensor
readings " 10_8 are theoretically possible in this case also.
In Figure 8 we see that HQTOT tends to oscillate about the
initial -sum, first increasing and then decreasing as HQ is
reduced.

Figures 9 and 10 present results for a disturbance of
v 1 wavelength of 40th harmonic. They indicate that smaller
(factor 2-4) residual beam sensor readings are possible, but
otherwise are similar to 20th harmonic case.
(b) 96 inoperative beam sensors, NKAPUT = 96

This case is interesting because it indicates whether
we can hope to obtain sufficient information by placing beam
sensors for a given plane at only the focussing quadrupoles
for that plane, i.e. where the beam width function is a
maximum. Such a scheme would represent a large financial
saving. It is in contrast to (a) above where each beam
sensor actually consists of a pair, one for the horizontal
plane and one for the vertical plane. In the present case
we have assumed that both horizontal plane and vertical plane
beam sensors exist at Bl, B2, B35, B36, B37, etc. Otherwise
beam sensors exist only at QF quadrupoles in the plane of
interest.

The results have been plotted in Figures 11 and 12 for

the test case H({(2) = +1.0. It is seen that the reduction in
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closed orbit deviation is now only ~factor 20-40 in the
most favorable case. Also the trend as NO is varied is not
monatonic for small values of NO. Thus it may be necessary
to choose somewhat larger NQ values (and consequently a
smaller reduction of closed orbit deviation) in an actual case.
It is seen from Figure 12 that HQTOT tends to decrease slightly
as NQ is reduced to small values v~ 10. For further reduction
of NQ HQTOT may increase slightly in some cases.
(c) 21 inoperative beam sensors, NKAPUT = 21

In this case we have returned to case (a) and imagined
that 10% of the beam sensors are inoperative. This is an
attempt to represent an actual situation since at any given
time there will probably exist some inoperative beam sensors -
say 10%. We chose 21 inoperative beam sensors in an arbitrary
way and the results are plotted in Figures 13 and 14. It is
seen that both the maximum residual beam sensor reading and
HQTOT are rather slowly varying with NQ. The maximum reduction
in closed orbit deviation is nv factor 40 now and so the cor-
rection is much poorer than in the case (a).

Also shown in Figures 13 and 14 is the case 21 consecutive
inoperative beam sensors for the horizontal plane. As might
be expected, this is a severe loss of information and OTRIM

is only able to reduce the closed orbit deviation by ~v 20%.

Discussion

Although we have considered only a few misalignment ex-

amples, these examples are important as Lambertson and Laslett
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found that the single misaligned quadrupole case was the most
difficult to correct. Also the 20th harmonic is expected to
be the most important misalignment harmonic (Appendix 3).
In the present accelerator, these misalignments can be largely
corrected by OTRIM even when a significant fraction of the
beam sensors are inoperative. This difference in behavior is

probably due to the fact that with the present separated

function machine there is v 1 beam sensor per focussing magnet
whereas with the combined function machine of Lambertson and
Laslett there was only v 1 beam sensor per 7 focussing magnets.
For the same reason, in the present case the spy stations do
not show residual deviations that are much different from the
residual deviations at the beam sensors. Also in our work
there does not appear to be excessive total component displace-
ment HQTOT as NQ is reduced. The residual beam sensor error

is usually mueh smaller as NQ is reduced. Although it would
be desirable to eonsider more misalignment examples, at present
there appears to be no reason for not choosing NQ=0.

The question of whether it is sufficient to use beam
sensors at only the QF gquadrupoles of a given plane requires
some further study before a definite answer may be given.

The present work indicates that the closed orbit can still

be corrected by a factor v 20-40, which would probably be
adequate. However, it must be noted that the above correction
factor will be reduced when allowance is made for --

1. Inoperative beam sensors
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2. Errors in beam sensor readings
3. Errorsin position corrections applied to beam elements
4. Non-linear effects (if there are any?)
Thus it appears rather doubtful that it will be adequate to
use beam sensors at only the QF guadrupoles. While such an
arrangement may halve the cost of the beam sensor systenm,
it reduces the maximum possible closed orbit correction by

orders of magnitude.
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Appendix 1 SYNCH Input Data

The lattice used is that described by Garren3. The
input is set up for the system of beam sensors and spy stations
shown in Figure 1. The elements of the first superperiod are
displaced 1 unit in sequence. For each of these displacements
SYNCH calculates the position of the closed orbit, in addition
to other parameters, at all beam sensors and spy stations
around the accelerator. The output which is written on the
output Tape 5 under the format (A5, 2I3, 5F14.8) is a= follows -

Name of Matrix (RING in our case)

Number of the beam sensor or spy staion, n. (1-420)

Total number of beam sensors and spy stations (420)

Distance from beginning to n

Closed orbit position, horizontal plane, at n

Closed orbit position, vertical plane, at n

Horizontal beta function at n

Vertical beta function at n
The desired SY matrix is then obtained by using appropriate
read formats in OTRIM. In the case we have considered, Tape 5

was 2400 ft. long and 556 b.p.i.
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Appendix 2 OTRIM Listing

The program was kept on the CIMS tape at N.Y.U. in order
to reduce the probability of transmission error. The corr-
esponding control cards are shown above the listing of OTRIM
and it is also shown where any desired changes to the program
would be inserted. The reader should consult the CIMS User's
Manual for explanation of how changes are made. The data
cards shown are for a test case run (ITEST=1) including spy
stations (ISPY=1) in the horizontal plane (NHOR=1) and with
5‘Q matrices to be calculated (NNNQ=5). The numbers of small
eigenvalue eigenvectors to be omitted are 108, 68, 28, 8, O
respectively.

In order to demonstrate how an arbitrary misalignment

may be introduced, we have shown, at the appropriate place

in the listing, the changes required to run the 20th harmonic

misalignment.
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Appendix 3 Harmonic Response of Main Ring

The harmonic response of the Main Ring is obtained by
the computer program HRESPON which is listed below. Starting
from the SYNCH output tape HRESPON sets up the T matrix of
Eqn. (2) by the same method used in OTRIM with the ganging
matrix G=1. Then a set of beam element displacements is

generated by

H(K) sin (0.001 x I x EE(K) + ¢(J)) (Al)

with ¢ (J)

2m (J-1) /NFI (A2)
where I = harmonic number
EL(K) = orbital distance to center of Kth beam
element (metre) |
$(J) is the phase difference which may take NFI
equally spaced values on the interval 0 -
217 as the index J is incremented.

For each harmonic I, HRESPON hunts on J to determine the
phase ¢(J) at which the maximum closed orbit deviation occurs.
It also hunts on J to determine the phase at which the r.m.s.
orbit deviation is a maximum. The output lists, for each

harmonic,

I = harmonic number

NM = beam element where max. orbit deviation occurred
BMMAX = max. orbit deviation

PHM = phase ¢ (J) for max. orbit deviation

NRM = beam-element where max. orbit deviation occurred

for max. r.m.s. orbit deviation case.
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BRMMAX = max. r.m.s. orbit deviation
PHRM = phase ¢ (J) for max. r.m.s. orbit deviation

The program requires only 1 data card (16I5) which specifies

the variables -

NHOR = 0 skip horizontal plane
= 1 run horizontal plane
NVERT = 6 skip vertical plane
= 1 run vertical plane
NHAR - highest harmonic to be run (150 in listing below)
NFI - phase increments on interval 0 - 27 (10 in

listing below)

In Figure 15 and Eigure 16 we have plotted the Main Ring
harmonic response for the horizontal and vertical planes. The
curves have the same general form as that obtained by Lasletts.
The positions of the maxima are in good agreement with the
expected positions as given by |6émtvg| where m is an integer
and vo = 20 is the integer closest to the v value. The har-
monic response of possible surveying schemes for the Main Ring
are typically peaked towards low harmonics8 due to short range
correlations. Thus, although Figures 15 and 16 have large
peaks at high harmonics, we would expect that the residual

harmonics will peak at the integer (20) nearest the v value

when the harmonic response of the survey system is included.
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DATA

KAP(T) 1618
NQ(3) (bIS } HORIZONTAL
4

AP ¢I5 .
ﬁac(?) :615 } VERTICAL
BS (7) BFI04-

ITEST TSPY. NHOR NVERT, KAPUTH, KAPUTY, NVCHEK NIARM NNNG (1

BS(J) ZFID,

CALL EXIT NEORF1 AND NVERT 1
i
NHOR = 1
I
NVERT= 1
CALL EXIT [ ~
& —
TAPE 3 TAPE 3

VERTICAL HORIZDNTAL
SYNEH OUTPUT | | SYNCH OVTPUT

5)

- v
5Y MATRIX
(ABSOLUTE)
v
MATRIX .
R [ GMATRIX
T MATRI X =1 1P NONE)
T e e e
: — k I
T R MATRIX KA'P{J‘)
L (REDUCED T MATRIX)
¥
‘ M MATRIX
| ' (M=TRR)
M s : =
SUB, EIGEN
NVCHEK % L
v
SUB, VCHEK
NHARM = 1
T =
FiLl HARMONIC. ANALYHS
TAPE?*'F’H . (S8, HAR)
TAPEA FILE]] . NGO
1COLUMN OF Q (fm' ;ng)c ES
EACH OF NN .
& MATRICES [€
PER RECORD J
CONT{NU’ED NEXT PAGE
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CCNTINUED FRUM wmm,\gﬁ PAGE.

<

DO 220 AN

.

! Kik= 1) NNNQ 7 _ .
| » TEST CASE ||B, SENSOR, READ,
: ITEST= 1 B3 = T(I,2) 85(7)
i > “ !
i S ,
DISPLACEMENT CORRECTLONS
| HQ. HaTeT
M
“ TTESTX 4
| 1
' [RESDVAL B. SERR BE
_ SUBRDUTINE MUMBER
{ v
{ TTEST= 1 ANDISPY=1
{
i
i NHoOR= 1
H
l
i TRPE 3 TAPE 3
VERTICA Lo HORIZONTA L |
! SNNew QUTPUT|| SYNCH QuUTPUT
| (5PY) Py
i v ¥
i Y MATRIX
g (RELATIVE 5fY)
,z : )
m RESIDUAL m.m‘wﬁ%o\m_% P
| AT 5PYg.5] !

_

NHOR + 1

¥

A SET NHOR = 1

)

NVERT = 4.

N

RETURN

END

m _mN m low &cwzs .?w w«oms.s OTRIM .
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